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Abstract 
The arrangement of pigments as recently observed in the structure of the peripheral light-harvesting complex of Rhodopseudomonas 
acidophila provides a new impulse to the discussion about the nature of the excitation transport and exciton delocalization i  these 
photosynthetic l ght-harvesting systems. A crucial parameter in this discussion is the strength of the coupling between eighbouring BChl 
molecules. Their proximity implies that exciton interaction is important in such a structure, and this tends to delocalize the excitation. 
However, at the same time these structures exhibit strong spectral inhomogeneity, due to which the excitation becomes localized. In this 
paper we discuss some views on the organization, interactions and energy transfer dynamics in light-harvesting complexes of 
photosynthetic purple bacteria. 
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1. Introduction 
The 2.5 ~, structure of LH-2 of Rhodopseudomonas 
acidophila is highly symmetric and consists of 2 concen- 
tric rings of 9 transmembrane h lices with the BChl a 
molecules andwiched between them [1]. Because of the 
strong homology of the et and 13 protein sequences be- 
tween different species and between the core complex 
LH-1 and the peripheral complex LH-2, all are likely to 
have a similar organization [2]. Using the LH-2 structure 
of Rps. acidophila as a reference, the structure of the 
LH-2 complex of Rsp. Molischianum was solved and 
found to be a ring with an eight-fold rotational symmetry 
[3]. Also LH-1 of Rs. rubrum is a ring with an analogous 
subunit and pigment arrangement [4]. In LH-1 the ring 
contains 16 subunits and the inner diameter is large enough 
to encompass the reaction centre. The perfect ring-like 
organisation and dense packing of the BChl pigments in 
these complexes has fed the discussion concerning the 
mechanism of excitation energy transfer: 'hopping of lo- 
calized excitations' vs 'coherent excitons delocalized over 
the total ring'. In this paper we overview some recent 
experiments and interpretations. 
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2. Spectral parameters 
To model the excitation transfer and spectral properties 
of LH-1/2, we must know how the individual pigments 
interact with the protein environment and with the neigh- 
bours. The crystal structure provides the relative orienta- 
tions and distances of the pigments and details about the 
pigment binding pocket. Firstly there are the distinct bind- 
ing pockets provided by the protein resulting in 'B800' 
and 'B850' pigments. The B850 BChl dimer in one 'sub- 
unit' has a centre-to-centre distance of 8.7 A (Mg-Mg) and 
more importantly is in Van der Waals contact. Adjacent 
pigments on neighbouring subunits are at a relative dis- 
tance of 9.7 A and not in Van der Waals contact. Further- 
more, the B850 Qy transition dipoles are not perfectly in 
the plane of the ring: the a Qy makes an angle of 4 
degrees with the plane, whereas the 13 Qy is at an angle of 
-10  degrees. These small deviations are important for 
excitonic calculations ince they make 'forbidden' transi- 
tions partially allowed. The B800 pigments have an orien- 
tation as originally determined from linear dichroism spec- 
troscopy [5] with their tetra-pyrole ring slightly tilted away 
from the plane of the membrane. 
The size of the interaction energy V governs the rate of 
energy transfer between the pigments and the excitonic 
nature of the spectrum. V is determined by the coulombic 
interaction of all the charges of the pigments and their 
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surroundings. V contains both resonance and exchange 
terms. Often V is calculated from the dipole-dipole term in 
the resonance interaction, which is justified when the 
distance between the pigments is larger than their size. 
Also the frequently used expression for the F~irster transfer 
rate is based on this assumption [6]. However, even such a 
simple calculation is not straightforward for LH-1/2. 
Firstly, the intrinsically heterogeneous protein 'medium' 
must be accounted for by taking some value for the 
refractive index (n). The coupling falls off with n 2 and n is 
essentially unknown. Secondly, the protein can dramati- 
cally shift the absorption of a pigment [7]. This is most 
strikingly illustrated in the Bchl b containing bacterium 
Rps. viridis, for which the LH-I absorption is at 1015 nm, 
more than 200 nm redshifted compared to Bchl b in vitro. 
A solely excitonic origin of this redshift yields an unrea- 
sonably large value of V of about 1250 cm ~. For these 
reasons V cannot simply be obtained from a comparison of 
the monomer absorption with the complex spectrum. 
Thirdly, for short distances between the pigments, as in 
LH-2, the dipole-dipole approximation is not valid and for 
the B850 BChls a more detailed calculation using transi- 
tion monopoles may change the calculated value of V by 
more than 50% [8]. Finally, at short distance for instance 
within a subunit, exchange coupling should be included in 
the interaction energy. Since the exchange contribution 
falls off exponentially it may become relatively unimpor- 
tant for BChls located on different subunits. We conclude 
that all these factors make it very difficult to estimate the 
interaction energy ab initio from structural parameters like 
distances, orientations and protein environment. 
The spectral properties of individual pigments are 
strongly determined by more subtle interactions with the 
surrounding protein. The transition frequency of each pig- 
ment is sensitive to (small) changes or fluctuations in the 
direct environment. Fluctuations on a fast time scale lead 
to 'homogeneous broadening' of the optical transition, 
slow fluctuations or static disorder lead to 'inhomogeneous 
broadening'. Evidence for inhomogeneous broadening is 
found from spectral hole-burning experiments where in the 
absorption band narrow holes can be burnt [9-12]. Also 
energy-selective fluorescence [13], transient absorption 
[14,15] and time-resolved fluorescence [16-18] experi- 
ments have provided strong evidence that inhomogeneous 
broadening plays an important role in the energy transfer 
dynamics, even at room temperature. In general the distri- 
bution of central frequencies (the inhomogeneous distribu- 
tion function or IDF) is represented by a gaussian, reflect- 
ing its statistical origin, and widths between 150 and 400 
cm -~ have been estimated for LH-1/2 [9,14,15,17-20]. 
3. Spectral modelling of LH-1 and LH-2 
Various groups have performed exciton calculations on 
ring-like structures ignoring spectral inhomogeneity [21- 
24]. These calculations implicitly assume that the excita- 
tion is fully delocalized over the LH-2/1 ring. In that case 
the only transitions that acquire significant dipole strength 
are two degenerate and mutually perpendicular t ansitions 
in the plane of the ring and a third component polarized 
perpendicular to it [21,22]. For LH-1/2 the latter compo- 
nent is to the red of the two strong transitions and gains 
some oscillator strength because the B850 dipoles are not 
perfectly in plane. For LH-2 this transition carries an 
oscillator strength of less than 2% of the total [22]. 
It is relevant o discuss this hypothetical exciton band 
structure in the light of experimental facts. Upon excitation 
of LH-2 at low temperature followed by fast relaxation, 
only the lowest exciton state would be populated. Since 
this transition is polarized perpendicular to the plane of the 
ring or membrane, the polarization of the (weak) emission 
upon excitation in the main band would be -0.2.  This is 
in contrast to the observed value of 0.1 [5,13,17]. Also the 
low-temperature fluorescence of oriented LH-2 is polar- 
ized in the plane of the ring [25]. Furthermore, the fluores- 
cence quantum yield should decrease rapidly upon lower- 
ing the temperature, and should be close to zero at 4.2 K. 
This is in contrast o the observed fluorescence quantum 
yield of LH-1/2 which increases upon cooling to about 
8-10% [26]. In combination with a fluorescence lifetime 
of about 1 ns, this corresponds to a radiative rate of about 
(10 ns) 1, about twice the value of monomeric BChl a. 
For these reasons it is hard to reconcile these observa- 
tions with a model where the exciton is delocalized over 
the whole ring. An additional consequence of the fully 
delocalized exciton model is that in a typical pump-probe 
experiment the amount of bleaching must be significantly 
larger than what is expected for monomeric Bchl. Assum- 
ing full delocalization, Novoderzhekin et al. have calcu- 
lated that the bleaching is a factor 4 larger than for a 
monomer [23]. Large relative bleaching has been observed 
for both LH-1 and LH-2 [27-29]. For LH-1-RC, Xiao et 
al. observed that the bleaching due to the antenna-excited 
state was at least 10 times larger than that of the oxidized 
primary electron donor. Kennis et al. [29] estimate a factor 
4 between the bleachings of 'monomeric' B800 bleaching 
and of B850 for LH-2 of Chr. tepidum. On the other hand, 
Visser et al. [14] conclude from their experiments on LH-1 
and on the LH-1 subunit, the eq3-BChl 2 or B820 particle, 
that the shape and intensity of the difference spectra are 
very similar for both systems at the same excitation den- 
sity. So far all these estimates are hampered by possible 
annihilation contributions and the complication that the 
pump probe spectrum is a mixture of stimulated emission, 
bleaching and excited-state absorption. 
Pullerits et al. [30] have calculated the LH-2 pump-probe 
spectrum as a function of the number of molecules in the 
ring that participate in the exciton wave-function, but in 
the absence of disorder. They assume an interaction energy 
of 450 cm ~ and 320 cm- ~ for pigments belonging to the 
same or to a neighbouring subunit, respectively. They find 
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that the measured pump-probe spectrum agrees best with 
an aggregate size of 4 + 2. The error is, however, quite 
large, due to lack of knowledge of the excited state 
spectrum of BChl a. Furthermore, the method of calcula- 
tion, changing the aggregate size, is different from the 
'true' situation, where a small exciton is localized on a 
ring of fixed length. 
Inclusion of inhomogeneous broadening into the exciton 
calculations, for instance introduced by assuming that the 
site energies are taken randomly from an IDF, has effect 
on both the relative magnitude and the polarisation of the 
exciton bands [9,31,32]. A remarkable effect is that 'forbi- 
dden' exciton bands may become partially 'allowed' in the 
presence of disorder. Also orthogonally polarized 'pure' 
exciton transitions are no longer orthogonal in the presence 
of disorder. If disorder dominates over exciton interaction, 
one regenerates the quasi-monomeric structureless absorp- 
tion spectrum, although, for instance, circular dichroism 
spectra may still indicate excitonic coupling [33]. Further- 
more, inhomogeneous broadening leads to localization 
since, due to the distribution in site energies, the relative 
participation of each of the locally excited state wave-func- 
tions is now weighted with the energy mismatch. Jimenez 
et al. calculate the spectra of an LH-2-1ike ring including 
dipolar coupling and inhomogeneous broadening [ 18]. They 
find that, at low temperature, the so-called 'inverse partici- 
pation ratio' is equal to approx, five pigments in the 
middle of the band and this number drops steeply on the 
red-edge (see Fig. 1). They note, however, that electron- 
phonon coupling and exchange coupling are not yet in- 
cluded in their model and propose that the size of the 
exciton is thus probably in the order of 2 at room tempera- 
ture. 
If the interaction between the two pigments in a subunit 
of LH-1/2 is much stronger than that between pigments 
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Fig. 1. A calculation of the inverse participation ratio for B850 using 
%nhom = 200cm-1, Wdimer : 230 cm-I and Winter_dime r = 1 l0 cm 1. For 
states with significant oscillator strength t e exciton is delocalized over 
~ 5 pigments. Reprinted with permission from Jimenez et al. [18] 
(copyright 1996 American Chemical Society). 
on different subunits, we have the 'weakly coupled dimer' 
model. This model was used by Scherz et al. to explain the 
CD and OD spectra of LH-2 of Rb. sphaeroides [34] and 
subsequently by others to explain various different steady- 
state and time-resolved measurements on LH-1 and LH-2 
[13-15,17-20,24]. The spectroscopic properties of this 
dimer are often based on the B820-subunit of LH-1. 
Spectroscopically this subunit behaves as an excitonically 
coupled dimer. Taking ~ri,~hom = 250 cm-i  and V = 230 
cm-1 between the monomers describes the spectroscopic 
properties of this subunit [19,35]. For the validity of the 
weakly coupled dimer model, an estimate for the coupling 
between the subunits in the ring is needed. Experiments for 
LH-! suggest inter-dimer coupling of less than 50 cm- 
[14]. From the Mg-Mg distances and using the dipole-di- 
pole approximation, an intra- vs interdimer ration in cou- 
pling of about (9.7A/8.7A)3= 1.4 can be calculated. 
However, as stated above, with these short distances the 
dipole-dipole approximation is probably not valid. It is 
argued by Jimenez et al. that for the dimer in Van der 
Waals contact exchange coupling is important [18]. The 
exponential fall-off of the exchange coupling can signifi- 
cantly enlarge the difference between inter- and intra-di- 
mer coupling. In Ref. [18] this yields for the interdimer 
coupling a value of 110 cm -~ . 
4. Excitation transfer 
Singlet-singlet annihilation experiments have conclu- 
sively demonstrated that excitation transfer in photosynthe- 
sis occurs on a subpicosecond time-scale [36-38]. Polar- 
ized absorption experiments have shown that after 1-2 ps 
the anisotropy of the signal had decreased to a value 
characteristic for fast (<  1 ps) energy transfer among 
BChl's in a plane [39,40]. Recent pump-probe [ 14,15,29,30] 
and spontaneous emission measurements [17,18] employ- 
ing 100 fs Ti:Sapphire laser pulses demonstrated that 
spectral relaxation and depolarization take place within a 
picosecond after excitation. In LH-1 of Rs. rubrum Visser 
et al. measured a 12-nm redshift of the zero-crossing of the 
transient difference spectrum characterized by a single 
exponential decay time of 325 fs [15]. It is proposed that 
the observed shift is due to a thermal redistribution of the 
excitations within the inhomogeneously broadened absorp- 
tion band. Assuming that the antenna can be modelled as a 
cluster of weakly coupled dimers, these authors conclude 
that for LH-I ainhom = 400 cm-J and they estimate an 
average single site lifetime of 50-70 fs. At low tempera- 
ture, using the same model, but explicitly accounting for 
the temperature dependence of a single-site absorption 
spectrum [35], they arrive at an inhomogeneous broadening 
of 250 cm 1 and a single site lifetime of about 100-150 
fs. In Fig. 2 we show the kinetics measured close to the 
zero-crossing in the transient difference spectrum of LH-2 
following excitation in the blue part of the band. The 
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Fig. 2. Two-colour pump probe traces of the LH-2 complex of Rb. 
~phaeroides. Excitation at 825 nm, detection at 842 nm (solid), 845 nm 
(dotted) and 848 nm (dashed). The fast equilibration phenomenon, that 
appears as a redshift of the transient absorption spectrum, is characterized 
by a decay time of approx. 150 fs. 
transient redshift of the zero-crossing is clearly observed 
and found to take place with a quasi-single xponential 
time constant of about 150 fs. 
Fleming and co-workers used a similar model to explain 
the spontaneous emission of LH-1 and LH-2 of Rb. 
sphaeroides [17,18]. In both systems they find a bi-ex- 
ponential anisotropy decay of the fluorescence with com- 
ponents of approx. 100 fs and 400 fs for LH-1 and a 
somewhat faster decay for LH-2. To explain the bi-ex- 
ponentiality, they also assume a spectral inhomogeneity for 
LH-1 and LH-2. For LH-1 excitation transfer is modelled 
by a ring of 16 weakly coupled dimers, with an inhomoge- 
neous broadening of 250 cm- 1 and a single site lifetime of 
50-100 fs, very similar to the estimate of Visser et al. for 
Rs. rubrum [17]. The somewhat smaller value for O'inho m in 
comparison with Visser et al. is probably due to the choice 
of ~hom' For LH-2, using again O'inho m = 250 cm -1 ,  the 
single site lifetime was found to be somewhat shorter [18]. 
An alternative explanation for the spectral shift is given by 
Kennis et al. [29]. They propose that light absorption by 
LH-2 excites a strongly allowed and delocalized exciton 
state and the observed spectral relaxation is due to equili- 
bration among the exciton levels of the aggregate. 
In an attempt to understand the nature of the excitation 
transport, Pullerits et al. [30] compared the anisotropy and 
population decay for LH-2 of Rb. sphaeroides in a one- 
colour pump probe experiment. Note that the depolariza- 
tion of the fluorescence or bleaching signal is not only 
determined by the hopping time of the excitation, but also 
by the difference in orientation between the initially ex- 
cited and the subsequently probed state. When the angle 
between the neighbouring pigments is small, the anisotro- 
py decay is much slower than the hopping time [17,30] and 
from numerical simulations based on the LH-2 structure, 
and assuming complete localization, a ratio of 3 between 
anistropic and isotropic decay rates is expected. However, 
in the red part of the band they find an anisotropy decay of 
130 fs vs. an isotropic decay of 70 fs and consequently 
they conclude that the excitation must be (partly) delocal- 
ized. Models that explicitly account for the (partial) coher- 
ence of the excitation transfer must be developed [41]. 
Already early quantum yield measurements of the B800 
fluorescence showed picosecond energy transfer from B800 
to B850 at low temperature [42]. Later picosecond absorp- 
tion and spectral hole-burning experiments gave a 2.2-2.5 
ps energy transfer at liquid helium temperature, suggesting 
a B800 ~ B850 distance of about 1.7 nm, close to the 
value obtained from the structure. With increasing temper- 
ature the rate of transfer speeds up, to about 1.1 ps at 77K 
[43] and to 0.6-0.7 ps at room temperature [44,45]. The 
moderate increase of the rate with temperature can be 
explained within the Ftirster model for energy transfer, 
assuming that the overlap between the B800 emission and 
a broad vibrational profile of B850 is responsible for the 
transfer [10,42,46]. The observation that mutants with 
blue-shifted B850-profiles how slower B800 ~ B850 en- 
ergy transfer [46,47] could consistently be explained within 
the FiSrster model. Polarized fluorescence experiments on 
the weak B800 fluorescence also indicated energy transfer 
among the B800 pigments in LH-2 and a transfer time of 
less than a picosecond was estimated [5]. This implies a 
B800 ~ B800 distance of about 2 nm, close to the value 
found in the LH-2 structure. Later spectral hole-burning 
[11] and time-resolved pump-probe [43,45] clearly demon- 
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Fig. 3. Two-colour pump probe measurement in the B800 band of Rb. 
sphaeroides at 77K. Excitation is at 791 nm, detection at 810 nm. The 
solid line is a fit with a rise of 440 fs, reflecting downhill energy transfer 
among B800's, and a 1.26 ps decay, due to B800~B850 energy 
transfer. 
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Fig. 4. Two-colour pump probe measurement of membranes of Rps. 
viridis. The top part shows the residuals and a fit using a sinusoidal 
function. The period of oscillation was about 320 fs which corresponds to 
a frequency of 104 cm -t . 
reaction centres the Fourier spectrum of the oscillatory part 
of the kinetics has been correlated with the low-frequency 
resonance Raman spectrum [51] and the enhanced modes 
have been interpreted as characteristic for the special pair. 
Also for bacterial light-harvesting systems these pro- 
nounced low frequency vibrations may reflect he primar- 
ily dimeric nature of the elementary unit, although their 
origin is still under debate. 
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